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A gentle method to isolate glomeruli simply by cutting renal
cortices without forced sieving was devised in our previous
study of primary podocyte culture. Yields of glomeruli
isolated by this method, however, were too small to perform
subculture or biological assays. In the present study, we tried
an isolation method with magnetic beads and collagenase to
increase the yields. Rat kidneys were perfused with magnetic
particles. Renal cortices were digested with collagenase and
filtered. Utilizing magnetic particles trapped within glomeruli,
glomeruli were collected by attractive power of a magnet
and cultured. The number of glomeruli isolated from one
adult rat was more than 20 000 and the purity was more than
97%. About half of them were attached to culture dishes and
exhibited cellular outgrowths, which were identified as
podocytes by their distinct staining for podocyte markers.
After 3 days of primary culture, the cellular outgrowths were
subcultured. Approximately 60 podocytes were obtained per
attached glomerulus. Their significant expression of
podocytes markers was demonstrated by immunostaining
and quantitative reverse transcriptase-polymerase chain
reaction. The isolation method with magnetic beads and
collagenase provides a number of glomeruli suitable for
primary podocyte culture.
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Cell culture has been used to elucidate the physiological and
pathophysiological characteristics of podocytes. Recently,
there has been a tremendous increase in studies dealing with
cultured podocytes, to which immortalized mouse1,2 and
human3 podocyte cell lines have made great contributions.
However, cell lines exhibit some phenotypes different from
cells in vivo. Their transcriptional levels of podocyte-specific
genes are very low, although novel cell lines with stable
expression of nephrin have been reported recently.2
Primary cultured cells play a role as a bridge between cell
lines and cells in vivo. Owing to the short-term culture,
primary cultured podocytes, especially just after growing out
from isolated glomeruli, are assumed to retain phenotypes in
vivo. Podocytes, however, are easily damaged during isolation
of glomeruli by the conventional sieving method.4,5 We
devised a gentle isolation method without forced sieving.6
Consequently, a substantial number of podocytes grew out
from glomeruli devoid of Bowman’s capsule in the primary
culture. The cells retain podocyte markers, and exhibit a
unique morphology, which is different from polygonal cells
with a cobblestone-like appearance. The polygonal cells have
been reported as dedifferentiated podocytes in primary
culture.7
Our isolation method had a serious shortcoming since the
number of retrieved glomeruli was very small. Only a few
hundred glomeruli were obtained from one rat. For this
reason, primary cultures of glomeruli isolated by this method
are not suitable for subculture or quantitative bioassay.
Recently, Takemoto et al.8 reported on a new isolation
method using kidney perfusion of magnetic beads and
collagenase digestion for large-scale isolation of glomeruli
from mice. Podocytes on the isolated glomeruli morpho-
logically remains intact as confirmed by electron microscopy.
In the present study, we applied this isolation method to rat
primary podocyte culture and succeeded in getting a number
of podocyte outgrowths sufficient for subculture, thus
enabling us to evaluate their gene expression.
RESULTS AND DISCUSSION
Isolation of glomeruli from rat kidneys
Isolation procedures were based on the report of Takemoto
et al.8 for the mouse kidney. Two modifications were
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necessary to apply the procedures to the rat kidney. First,
kidneys were perfused with a mixture of Dynabeads
(f4.5 mm) and iron powder (f6 mm) instead of perfusion
only with Dynabeads in the original method. This modifica-
tion brought in more than a two-fold yield of isolated
glomeruli. As a result, the number of glomeruli isolated from
one adult rat was 22 10071340 (mean7s.d., n¼ 11), which
was comparable to those of conventional sieving methods.
Second, tissues were additionally rinsed on 70 mm nylon
mesh after magnetic treatment to remove small tubular
fragments. The purity of glomeruli devoid of Bowman’s
capsule increased to 97.371.7% (Figure 1a).
Podocytes growing out from collagenase-digested glomeruli
Approximately 40–60% of cultured collagenase-digested
glomeruli adhered to the culture dishes. Cellular outgrowths
were first detected within 24 h of culture (Figure 1b). They
were irregular and often arborized shaped cells with long
cytoplasmic processes, and often multinucleated (Figure 1c
and d). Their morphology was identical to that of primary
cultured podocytes as described previously,6 and quite
different from cobblestone-like appearance of polygonal cells
growing out from glomeruli isolated by the conventional
sieving method.7 Subculture, namely detachment of cells
from culture dishes followed by recultivation on new dishes,
was first performed after 3 days of the primary culture to
remove remaining glomerular cores and phagocytic cells. The
yield of subcultured cells was 30.977.4 cells per cultured
glomerulus used for primary culture (n¼ 5), that is,
approximately 60 cells per attached glomerulus attaching to
the culture dish. The subcultured cells fundamentally
exhibited the same morphology (Figure 1e) in marked
contrast to polygonal cells obtained by the conventional
sieving method (Figure 1f).
Podocyte origin of the irregular and arborized cells was
confirmed by distinct staining for podocyte markers such as
podocalyxin, podocin, and synaptopodin (Figure 2),
although the hypertrophic cells were likely to reduce the
staining intensity. No staining for cytokeratins using anti-Pan
Cytokeratin antibody (Sigma, St Louis, USA) or lu-5
(Dianova, Hamburg, Germany) was found in the cultured
podocytes. Significant nephrin staining was not detected in
any cultured cells. In addition, the cultured podocytes
exhibited desmin and connexin43 staining, which is one of
the major pathological responses of podocytes in vivo9,10
(Figure 2b,c,f,g). These findings suggest that cultured
podocytes exhibit the phenotype of a pathologically activated
cell in vivo.
Subculture was repeated every 5 days after the first
subculture. In the second and third subcultures, the cultured
cells did not proliferate but gradually decreased in number,
and underwent distinct hypertrophy. Their immunostaining
for podocin and podocalyxin was distinctly weakened. Thus,
podocytes obtained just after the first subculture are the most
suitable for biological assays.
Other glomerular cells growing out from collagenase-
digested glomeruli
Mesangial cells (Thy-1-positive cells) were less than 0.5%
of subcultured cells (Figure 3a). The limited outgrowths of
mesangial cells may be caused by the short duration of
primary culture and a low concentration of fetal bovine
serum in the culture medium.11
Macrophages ED-1-positive cells were 15.078.6% (n¼ 5)
of subcultured cells in the case where the removal of
phagocytic cells was not performed (Figure 3b). Numbers
of ED-1-positive cells in the culture are likely to originate
from bone marrow-derived phagocytes as reported by
Schreiner and Unanue.12 When subcultured, phagocytic cells
were fed with immune complex-coated magnetic beads
(Figure 3c), and removed by using a magnet. Consequently,
ED- 1-positive cells decreased to 0.3670.16% (n¼ 4) (Figure 3d).
Polygonal cells were hardly seen in the primary culture
and the subculture. Our previous study showed that
polygonal cells mainly come from parietal epithelial cells of
Bowman’s capsule.6 Pressing tissues through a 100 mm mesh
after collagenase digestion may be effective to remove
Bowman’s capsule, because a considerable number of
polygonal cells appeared in the culture when a 150 mm mesh
was used instead of a 100 mm one.
None of the outgrowing cells showed staining for von
Willebrand factor or rat endothelial cell antigen-1 (endothe-
lial markers).
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Figure 1 | Phase-contrast microscopy of isolated glomeruli and
their cellular outgrowths. (a) Isolated collagenase-digested glo-
meruli, (b) their primary outgrowths after 1 day, (c) 2 days, and (d) 3
days of culture, (e) subcultured cells from these outgrowths, and
(f) subcultured polygonal cells from glomeruli isolated by the
conventional sieving method. At 1 day after starting to culture
glomeruli, cellular outgrowths are observed (arrows in b). Bar:
100mm.
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Gene expression of podocyte-specific markers in cultured
podocytes
Quantitative reverse transcriptase-polymerase chain reaction
(RT-PCR) analysis was performed to examine the transcrip-
tional levels of podocyte-specific markers. The mRNA levels
were compared among primary cultured podocytes, sub-
cultured podocytes, and polygonal cells (Figure 4). The
polygonal cells were subcultured from cellular outgrowths
from glomeruli isolated by the conventional sieving method.
Expression of nephrin, podocin, and podocalyxin was
detected in both primary cultured and subcultured podo-
cytes, but not in polygonal cells. The expression levels of
subcultured podocytes were lower than those of primary
cultured cells. Although no immunostaining for nephrin was
found, significant levels of nephrin transcripts were detected
in cultured podocytes. The reason for this discrepancy
presently remains unknown, but it might be caused by too
low levels of expression to detect by immunofluorescence
microscopy using antibody 5-1-6 or the protein instability in
this culture system.
In the second and third subcultures, podocytes dramati-
cally decreased the transcriptional levels of nephrin, podocin,
*
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Figure 2 | Double-labeled immunofluorescence microscopy of cellular outgrowths from glomeruli and subcultured cells. Green color
shows staining for (a, c, f, and g) podocalyxin, (d) podocin, and (e) synaptopodin. Red color shows staining for (b, c, and f) desmin and
(g) connexin43. Nuclei are colored blue with 4,6-diamidino-2-phenylindole. The insets in (d) and (e) show podocin and synaptopodin staining
at higher power, respectively. (a) Podocalyxin is stained diffusely on cultured cells. (d) Podocin and (g) connexin43 are localized mainly at
cell–cell contact sites in addition to the Golgi apparatus. (e) Synaptopodin staining exhibits stress fiber-like appearance and cross striation
at higher power magnification. (a–e) Outgrowths after 3 days of primary culture. (f, g) Cells 1 day after subculture. *Glomeruli. Bar: 50 mm.
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podocalyxin, but did not decrease those of synaptopodin,
NEPH-1, or CD2-associated protein (CD2-AP) (data not
shown). Especially, the expression of nephrin and podocin
was hardly detected after the second and third subculture,
respectively.
Synaptopodin, NEPH-1 and ZO-1 were expressed in
primary cultured podocytes, subcultured podocytes, and
polygonal cells, although mRNA levels in the polygonal cells
were lower than those in the others (Figure 4). It is unlikely
that podocytes constituted a part of polygonal cell population
to contribute to the expression, because compatible expres-
sion of nephrin, podocin, or podocalyxin was not detected in
the polygonal cells. Our previous study showed that
polygonal cells from parietal epithelial cells exhibited
significant staining for podocyte-specific proteins, including
WT-1, synaptopodin, HSP27, and P-31.6 Thus, it is possible
that synaptopodin and NEPH-1 expression in polygonal cell
population were attributed to cultured parietal epithelial
cells.
Conclusion
We present here the improved method to isolate glomeruli
and culture rat podocytes. The primary cultured cells retain
Thy-1+desmin ED-1+desmin
ED-1+desmin
*
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Figure 3 | Mesangial cells and macrophages in subcultured cells.
Double-labeled immunofluorescence microscopy using antibody
against (a) Thy-1 or (b) ED-1 with antidesmin antibody shows the
presence of mesangial cells and macrophages (arrows in a and b).
Green color indicates staining for (a) Thy-1 and (b) ED-1. Red color
indicates staining for desmin. Immune complex-coated magnetic
beads were easily phagocytized by small round cells in culture
(arrows in c). (d) Trapping the phagocytic cells on a magnet took
ED-1-positive cells off the subculture. *Glomerulus, Bar: 50 mm.
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Figure 4 | mRNA levels of podocyte-specific genes in cultured cells. Quantitative RT-PCR analysis was performed using mRNA from
primary cultured podocytes at day 4, which were the whole-cellular outgrowths from collagenase-digested glomeruli (1), from subcultured
podocytes, which were cultured one more day after trypsin digestion at day 3 of primary culture of collagenase-digested glomeruli (2),
or from subcultured polygonal cells, which were cultured one more day after trypsin digestion at day 5 of primary culture of glomeruli
isolated by the conventional sieving method (3). ZO-1 primer pair was designed for the region common to two isoforms, namely ZO-1 aþ
and ZO-1 a. Data represent means7s.d. (n¼ 3). *Po0.05, **Po0.001.
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podocyte characteristics in vivo, as shown by immuno-
staining as well as gene expression analysis. The improved
method will allow us to investigate podocyte characteristics
in vitro.
MATERIALS AND METHODS
Isolation and culture of glomeruli
Male Sprague–Dawley rats at ages of 7–9 weeks (Charles River Japan
Atsugi, Japan) were anesthetized by an inhalation of diethyl ether. A
21-gauge butterfly needle was inserted into the abdominal aorta
below the level of the renal arteries. The abdominal aorta was ligated
above the renal arteries and at the site of needle insertion. A cut was
made in the vena cava and the kidneys were perfused with 12 ml of
phosphate-buffered saline containing 2.4 107 Dynabeads
(f4.5 mm) (Dynal ASA, Oslo, Norway) and 12 mg of iron powder
(f6 mm) (Wako Chemical, Osaka, Japan). The kidney cortices were
dissected and cut into small pieces (1–2 mm cubes) with a surgical
blade in Hanks’ balanced salt solution (Invitrogen, Gland Island,
NY, USA). The tissues were digested in collagenase solution
containing 1 mg/ml collagenase A (Roche Diagnostics GmbH,
Mannheim, Germany) and 0.2 mg/ml deoxyribonuclease I (Roche
Diagnostics GmbH) in Hanks’ balanced salt solution at 371C for
60 min with gentle agitation. The collagenase-digested tissues were
gently pressed through a 100mm cell strainer (BD Biosciences,
Stockholm, Sweden) using a flattened pestle. Glomeruli containing
Dynabeads and iron powder in the cell suspension were gathered by
a magnetic particle concentrator (Dynal ASA) and washed at least
four times with phosphate-buffered saline. Finally, collected
glomeruli were suspended in suitable amount of phosphate-buffered
saline and the suspension was poured onto a 70-mm cell strainer.
The cell strainer was washed with phosphate-buffered saline and
glomeruli on the cell strainer were carefully collected. During the
procedure, kidney tissues were kept at 41C except for the collagenase
digestion at 371C.
Isolated glomeruli were cultured on type I collagen-coated
culture dishes or glass coverslips (Asahi techno glass, Tokyo, Japan)
in D-MEM/F-12 (1:1) containing 5% fetal bovine serum (Cansera
International, Canada) supplemented with 0.5% Insulin–Transfer-
rin–Selenium-A liquid media supplement (Invitrogen), 100 U/ml
penicillin, and 100 mg/ml streptomycin. Cultures were incubated in a
371C humidified incubator with 5% CO2.
Subculture of glomerular outgrowths
Subculture of primary cultured podocytes was performed after 3
days of culture of isolated glomeruli. Cellular outgrowths were
detached with Trypsin–ethylenediaminetetraacetic acid solution
(Sigma, St Louis, USA) and passed through a 25 mm sieve to
remove the remaining glomerular cores. The filtered cells were
cultured on collagen I-coated dishes or glass coverslips for one more
day, and processed for immunohistochemical analysis or RNA
preparation.
To remove phagocytic cells from the culture, immune complex-
coated magnetic beads were prepared by sequential binding of
Dynabeads M-280 Sheep anti-Rabbit immunoglobulin G (f2.8 mm,
6–7 108 beads/ml) (Dynal ASA) to rabbit anti-ovalbumin antibody
(1 mg/ml) (Chemicon International, Temecula, CA, USA), ovalbu-
min (1 mg/ml) (Sigma), and fresh rat serum. The opsonized beads
were mixed with culture media, and added to the primary culture at
day 3. After 6 h, cells were detached with Trypsin–ethylenediamine-
tetraacetic acid solution and passed through a 25 mm sieve. After
removing cells with phagocytized beads using a magnetic particle
concentrator, remaining cells were cultured for further analyses.
Immunofluorescence microscopy
Podocytes cultured on glass coverslips were fixed in methanol, and
processed for double-label immunofluorescence microscopy using
antibodies specific for podocytes, endothelial cells, mesangial cells,
or macrophages as described previously.6
Quantitative RT-PCR analysis
Total RNA was isolated using the RNeasy Micro kit (Qiagen GmbH,
Hilden, Germany) and quantified by using the RNA 6000 LabChip
(Agilent Technology, Waldbronn, Germany) on a 2100 Bioanalyzer
(Agilent Technology) as described by the manufacturer. Quantitative
RT-PCR was performed on ABI PRISM 7700 sequence detection
system using TaqMan EZ RT-PCR Core Reagent Kit (Applied
Biosystems, Branchburg, NJ, USA) and SYBER Green (Molecular
Probes, Eugene, OR, USA) as a probe, according to the
manufacturer’s direction. Four nanograms of total RNA was used
for quantitative RT-PCR except that 24 ng total RNA was used to
quantify nephrin expression. Target gene forward and reverse
primers were designed using Primer Express 1.5 (Applied Biosys-
tems). Commercially available predeveloped TaqMan assay reagents
(Applied Biosystems) were used for the internal standard (glycer-
aldehydes-3-phosphate dehydrogenase and b-actin).
Statistics
All data were presented as means7s.d. Statistical assessment of the
significance between control animals and PAN-treated animals was
made by Student’s t-test. Differences were considered statistically
significant at Po0.05.
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